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Apoptotic phenomena observed in vitro following isolation and following transplantation contribute signifi-
cantly to islet graft loss. Strategies to reduce apoptosis of islet tissue prior to and posttransplantation may
improve graft survival and function and reduce the amount of tissue necessary to achieve insulin indepen-
dence. The expression of cytoprotective proteins is one such strategy that may prolong islet survival. In this
light, heme-oxygenase 1 (HO-1) upregulation has been studied in both allo- and xenotransplantation models.
In this study, the effect of HO-1 on apoptosis in neonatal porcine islet-like cell clusters (NPICC) was
assessed. In in vitro assessments of NPICC apoptosis, NPICC showed a high sensitivity to apoptotic stimula-
tion using a combination of TNF-α and cycloheximide. Stimulation with TNF-α alone was sufficient to
induce reproducible apoptotic responses as demonstrated by caspase-3,-7 activation and subdiploid DNA
analysis. Dose-dependent, high-level HO-1 protein expression was achieved following culture of NPICC in
medium containing either cobalt protoporphyrin (CoPP) or cobalt mesoporphyrin (CoMP). CoPP treatment
resulted in the reduction of caspase-3,-7 enzyme activity following TNF-α stimulation. However, such an
effect was not associated with a reduction in the levels of cell death. Indeed, the inhibition of caspase
enzyme activity resulted in decreased PARP-1 cleavage, which may lead to heightened levels of necrosis in
treated NPICC cultures, possibly explaining the observed commitment of NPICC to the death pathway.
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INTRODUCTION islet transplantation requires a large amount of donor tis-
sue for reasons related to the cellular nature of the graft.
Unlike solid organ grafts, the generation of islets forIslet transplantation as a treatment and potential cure

for type 1 diabetes is a clinical reality (51,54). However, transplantation requires extensive processing of the pan-
creas. The isolation process, although in continuous im-for a number of reasons, it is still not possible to provide

such a transplant for all diabetic patients who could ben- provement, is inefficient, recovering approximately 20–
50% of the islets present in a pancreas (39). In addition,efit from the procedure. While at the forefront is the

risk–benefit consideration of insulin therapy versus chronic a large number of the islets are lost following postisola-
tion culture and transplantation, in large part due to theimmunosuppression, a further obstacle to islet transplan-

tation is a severe shortage of tissue suitable for trans- induction of apoptosis, mediated by anoikis (11,44), hy-
poxia (59), activation of the instant blood-mediated in-plantation. Islet transplants often require tissue from

more than one donor in order to generate the required flammatory reaction (IBMIR) (4), and necrosis.
Considering approximately 500,000 people are af-tissue mass for a functional graft. Therefore, for the po-

tential number of diabetics who could benefit from such fected by type 1 diabetes in the US alone (15), and pre-
dictions indicating a 3% rise per year in the incidencetreatment, the organ shortage situation is dire.Successful
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of type 1 diabetes globally (42), the demand for islet protoporphyrin IX chloride (CoPP) and cobalt meso-
porphyrin chloride (CoMP) (kindly donated by Frontiertissue will always exceed the number of donors avail-

able. In this light, approaches to address the tissue short- Scientific Inc.) were assessed at concentrations from 10
to 200 µM. As CoPP at the highest concentration testedage include research into alternative tissue sources—for

example porcine islets (7,9,27,31,32,38)—and the de- (200 µM) resulted in high-level HO-1 expression, with-
out toxic effects on NPICC, this concentration was ap-velopment of strategies to reduce islet susceptibility to

stress and damage induced by isolation and transplanta- plied in all subsequent experiments assessing effects on
apoptosis. The specific caspase-3,-7 inhibitor, Ac-DEVD-tion.

Reducing postisolation stress and apoptosis by im- CHO (Promega, Madison, WI, USA), was added to islet
cultures 1 h prior to apoptotic stimulation at either 1 orproving in vitro islet culture methodologies to enhance

islet viability and survival is therefore an important goal. 50 µM. Cycloheximide (CHX) (Sigma, Steinheim, Ger-
many) was prepared as a 10 mg/ml stock solution inNumerous studies in diverse experimental models have

applied a variety of molecules in attempts to reduce the 100% ethanol, filter sterilized, and stored at −20°C.
occurrence of apoptotic phenomena both in vitro and in

Neonatal Porcine Islet Isolationvivo. These studies have included molecules such as
Bcl-2 (16,22), erythropoietin (21), caspase inhibitors White Landrace neonatal piglets (3–5 days old) were

anaesthetized by subcutaneous injection of xylazine (3(23), A20 (24), carbon monoxide (CO) (25), glucagon-
like peptide-1 (GLP-1) (29,55), vitamin D3 (48), and mg/kg) and Zoletil (7 mg/kg) followed by the IV admin-

istration of Contramal (4 mg/kg) and Propofol (4 mg/heme-oxygenase-1 (HO-1) (36,45,46,49,56,57) with vary-
ing degrees of success. Most recently, very encouraging kg) prior to laparotomy and complete exsanguination.

Pancreata were carefully dissected from surrounding tis-effects on hypoxia/reperfusion injury and apoptosis in
islets have been demonstrated using XIAP (X-linked in- sue and placed in cold (4°C) HBSS supplemented with

0.25% BSA (fraction V), 10 mM HEPES, 100 U/mlhibitor of apoptosis protein) (20). However, to date,
none of these approaches have completely eliminated penicillin, 0.1 mg/ml streptomycin, 20 µg/ml genta-

mycin until processing (within an hour after tissue col-the impact of apoptotic phenomena on the ultimate tis-
sue mass alive and available to control diabetes. lection). Pancreatic tissue was finely minced into 1–2

mm3 fragments in supplemented HBSS (without BSA)The promising results obtained in islet allotransplan-
tation in rodents by Pileggi and colleagues, using metal containing Liberase PI (Roche, Indianapolis, IN, USA)

(0.75 mg/ml). The tissue was digested with agitation forporphyrins to upregulate HO-1 (46,47), encouraged us
to assess the efficacy of cobalt protoporphyrin (CoPP) 16–18 min in a shaking water bath at 37°C, and the

reaction stopped by the addition of excess cold supple-as a cytoprotective agent on neonatal porcine islet-like
cell clusters (NPICC) in vitro, with the view of develop- mented HBSS (containing BSA). The suspension was

filtered through 500-µM nylon mesh, and washed fouring an in vivo protocol for application in primates. In-
deed, the properties of HO-1 make it a particularly at- times in supplemented HBSS by centrifugation at 400

rpm, for 2 min without breaking. The final islet pellettractive molecule with regards to apoptosis intervention
(43). The enzyme is one of a family of proteins responsi- was resuspended in HAM’s-F12 medium supplemented

with 1.2 mg/ml nicotinamide, 11 µg/ml isobutylmethylble for the degradation of heme, resulting in the produc-
tion of carbon monoxide, biliverdin, and free iron. Each xanthine, 0.5% BSA, 2 mM L-glutamine, 100 U/ml pen-

icillin, and 0.1 mg/ml streptomycin, and cultured atof these products has demonstrated protective functions
in a number of different models [for review see (43)]. 37°C, 5% CO2 in 100mm petri dishes. The culture me-

dium was changed the day after isolation, and every sec-The results presented in this study demonstrate a high
sensitivity of NPICC to apoptosis. Following treatment ond day thereafter.
with TNF-α alone, CoPP resulted in the reduction of

Islet Dispersioncaspase-3,-7 enzyme activation. However, despite these
observations, NPICC death was not reduced in vitro. In- NPICC were collected and washed by gentle centrifu-

gation at 400 rpm, for 2 min (no break) and the superna-deed, the inhibition of caspase-3,-7 activation by CoPP
possibly results in increased levels of NPICC necrosis tant discarded. The NPICC pellet was washed twice in

warm (37°C) dispersion medium (HBSS containing 1in a manner similar to that observed following specific
inhibition of caspase-3 and -7 by Ac-DEVD-CHO. mM EDTA, 10 mM HEPES, and 0.5% BSA), with gen-

tle centrifugation as previously described. Supernatants
MATERIALS AND METHODS after each wash were collected and combined. Following

Reagents the final wash, the NPICC pellet was resuspended in
warm dispersion medium incubated with gentle agitationHuman or porcine TNF-α (Biosource, Nivelles, Bel-

gium) was used at 50 or 100 ng/ml as indicated. Cobalt at 37°C for 7 min. NPICC were then dispersed by the
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addition of trypsin (25 µg/ml) and DNase (4 µg/ml) and for 1 h at room temperature with agitation. Primary anti-
bodies were detected by binding to peroxidase-conju-incubated for 10 min at 37°C with gentle agitation. The

dispersed cells were collected and combined with the gated anti-rabbit and anti-mouse IgG (Calbiochem, CA,
USA) (diluted 1:2000 in blocking solution, incubated forpreviously collected supernatant fractions. Samples were

centrifuged at 1200 rpm for 5 min and washed once in 1 h at room temperature with agitation), and revealed us-
ing a chemiluminescent detection system (Amersham, UK).complete growth medium. The final pellet was resus-

pended in complete growth medium and samples coun- For the analysis of PARP-1 protein expression,
equivalent numbers of whole islets were resuspended inted by trypan blue exclusion.
200 µl lysis buffer (62.5 mM Tris-HCl, pH 6.8, 6 M

Caspase Assay urea, 10% glycerol, 2% SDS, 0.00125% bromophenol
blue, 5% β-mercaptoethanol) and sonicated for 20 s atThe caspase assay was conducted using the Apo-1

fluorescent caspase-3,-7 assay (Promega) according to 40% output. Lysates were heated to 65°C, for 15 min,
and stored at −20°C prior to Western blotting. One hun-the manufacturer’s directions. Sample loading was stan-

dardized either by the use of dispersed single islet cells dred microliters of each sample was concentrated by
centrifugation (Vivaspin 500 columns, Vivascience,(30,000 or 50,000) or by the use of the Cell-titre blue

assay (Promega) on whole islets, prior to the addition of Stonehouse, UK), and the resulting protein solution sep-
arated via electrophoresis in 8% SDS-PAGE gels. Pro-the Apo-1 reagent, by incubation for 1.5 h and assess-

ment of fluorescence (560EX/590EM). Cells or whole islets teins were transferred to PVDF nylon membranes,
blocked in PBS + 5% nonfat milk + 0.1% Tween-20 forfrom each sample were dispensed into wells of a 96-

well tissue plate in duplicate. Samples were incubated 1 h, and probed with antibodies to PARP-1 [mouse
monoclonal C2-10 (Alexis Biochemicals, Lausen, Swit-with the substrate Z-DEVD-rhodamine 110 for 18 h

prior to the determination of caspase-3,-7 activity by zerland), diluted 1:500, overnight at 4°C with agitation]
and actin (as above, 1 h at room temperature). Primarymeasurement of fluorescence intensity at 535 nm.
antibodies were detected with an anti-mouse-HRP sec-

Assessment of Subdiploid DNA Content by Propidium ondary antibody (as above), and signals detected by
Iodide (PI) Staining (PI Assay) chemiluminesence. HL-60 control samples were pur-

chased from BioMol (Exeter, UK).Aliquots of single cells from each islet treatment
group were collected and washed twice in PBS. Final

Statistical Analysispellets were resuspended in PBS, to which cold absolute
Results represent mean values ± SEM of duplicateethanol was added dropwise, to achieve a final concen-

or triplicate samples. Statistical comparisons were per-tration of 70%. Cells were stored at −20°C overnight
formed by Student’s t-test and considered significantlyprior to PI staining. Prior to staining, cells were washed
different when p ≤ 0.05.twice in PBS, and the final pellet resuspended in 500 µl

PI stock solution (50 µg/ml), to which 6.25 µl Nonidet
RESULTS

P40 (10% stock solution in H2O) and 8 µl RNaseA (1
NPICC Are Highly Sensitive to Apoptosis Induction bymg/ml) was added. Samples were vortexed and incu-
Exposure to TNF-α and Cycloheximide in Combinationbated at room temperature, protected from light, for 30

min. Samples were immediately assessed by flow cy- Islets from different species demonstrate different
sensitivities to apoptotic stimuli (19). Porcine islets ap-tometry.
pear to be particularly sensitive to death stimuli, with

Western Blot for HO-1 and PARP-1 Proteins adult porcine islets reportedly difficult to maintain for
extended periods in culture (12,41). A dose–responseHO-1 protein expression was determined in aliquots

of 50,000 single (dispersed) islet cells. Cells were dis- study was performed to determine the apoptotic re-
sponse of NPICC following 18-h stimulation with vary-pensed into Eppendorf tubes, centrifuged, and the super-

natant discarded. Pellets were resuspended in 2× SDS- ing combinations of TNF-α and CHX and dispersed is-
lets were assessed by caspase and PI assays. The resultsPAGE loading buffer and stored at −20°C until blot

performed. After boiling for 5 min, proteins present in are shown in Figure 1.
TNF-α alone or in combination with CHX resultedthe islet cell lysates were separated in 10% SDS-PAGE

gels and transferred to PVDF nylon membranes (Amer- in caspase-3,-7 enzyme activation (p < 0.05 at TNF-α
concentrations ≥ 25 ng/ml) (Fig. 1A). The response tosham, UK). Following blocking for 1 h in PBS + 5%

nonfat milk, membranes were probed with antibodies apoptotic stimulation was dependent on islet age and
quality.specific for HO-1 (Stressgen (Victoria, Canada), rabbit

polyclonal IgG, diluted 1:5000), and actin (Santa-Cruz In contrast, the PI assay demonstrated a dose-depen-
dent relationship between subdiploid DNA content of(CA, USA) (C-2) mouse monoclonal IgG, diluted 1:100)
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Figure 1. Apoptosis in NPICC following stimulation with TNF-α and CHX in combination. NPICC were cultured for 18 h with
increasing combinations of TNF-α (ng/ml) and CHX (µg/ml) or with 50 ng/ml TNF-α alone. Caspase-3,-7 activity was measured
in samples of 50,000 cells in a fluorimetric assay (A). Following dispersion into single cell suspensions, subdiploid DNA content
was determined via PI staining and assessed by flow cytometry (B).
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NPICC and the concentration of the apoptotic stimulus low-level HO-1 expression was visible in NPICC treated
with 10 µM CoPP. Significant increases in HO-1 ex-(Fig. 1B). TNF-α alone showed no detectable induction

of apoptosis by the PI assay at this time point (18 h pression were observed following treatment at concen-
trations equal or greater than 25 µM for both CoPP andpostexposure). However, given sufficient time, the sub-

diploid DNA analysis also demonstrates the presence of CoMP. However, CoPP (Fig. 2A) stimulated HO-1 ex-
pression to a greater degree than CoMP (Fig. 2B).apoptosis, albeit at lower levels in comparison to TNF-

α in combination with CHX (see below). In contrast, the
HO-1 Induction Is Not Associated With Protectionlowest dose combination of TNF-α and CHX used (1
of NPICC From Apoptosis Induced by Combinedng/ml and 1 µg/ml, respectively) was sufficient to in-
Treatment With TNF-α and CHXduce apoptosis (2.3-fold higher than control). A 10-fold

increase in the concentration of the apoptotic stimulus Treatment with 200 µM CoPP, in the absence of apo-
(10 ng/ml and 10 µg/ml, respectively) resulted in the ptotic stimulation, had no gross adverse effects on the
attainment of a plateau level of apoptosis approximately islets, as judged by morphology (Fig. 3A and B). In
10-fold higher than control levels, which was not signifi- NPICC cultured in the presence or absence of CoPP, the
cantly altered following further concentration increases clusters were tightly packed, with clear inclusion mem-
of the apoptotic stimulus. branes surrounding their external perimeter. As observed

both in caspase (Fig. 3E) and PI (Fig. 3F) assays, islets
Treatment of NPICC With Either Cobalt cultured in the presence of porphyrin alone showed lev-
Protoporphyrin or Cobalt Mesoporphyrin Results in els of apoptosis not significantly different from un-
the Dose-Dependent Induction of Heme-Oxygenase 1 treated control islets (CoPP p = 0.422 and 0.597 for cas-

pase and PI assays, respectively).Treatment with either porphyrin resulted in dose-
dependent upregulation of HO-1 expression. While as While islets treated with porphyrins expressed HO-1

and did not appear to be adversely affected by the pres-little as 30-min exposure to CoPP was sufficient to result
in significant HO-1 expression (data not shown), por- ence of the porphyrins in the cultures, islets treated with

porphyrins, and subsequently exposed to TNF-α andphyrins were maintained in the cultures for the duration
of the experiments. Significant HO-1 expression was ob- CHX, still demonstrated susceptibility to apoptosis. The

caspase assay (Fig. 3E) showed heightened levels of cas-served even in apoptotic conditions (Fig. 2). Control un-
treated NPICC (Fig. 2A) or NPICC treated with TNF- pase-3,-7 activity in islets treated with apoptosis-induc-

ing agents, regardless of the presence of porphyrins (50α/CHX only (Fig. 2B) showed little or no basal HO-1
protein expression. In the presence of TNF-α/CHX, µM CoPP and CoMP, p < 0.035). This result was reiter-

Figure 2. HO-1 expression in NPICC following treatment with increasing concentrations of CoPP
(A) or CoMP (B). NPICC were cultured in the presence of 10–200 µM CoPP (A) or CoMP (B)
for 24 h prior to stimulation with 25 ng/ml TNF-α in combination with 25 µg/ml CHX. Negative
controls included untreated NPICC (A) and NPICC treated with TNF-α/CHX only (B). NPICC
treated with 500 µM CoPP were used as a positive control.
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Figure 3. Effect of CoPP dose on NPICC morphology, caspase-3,-7 enzyme activity, and subdiploid DNA content in NPICC
treated with TNF-α/CHX. (A) NPICC in standard culture conditions. (B) NPICC cultured in the presence of 200 µM CoPP. (C)
NPICC cultured in the presence of TNF-α (1 ng/ml) and CHX (1 µg/ml) for 18 h. (D) NPICC cultured for 24 h with 200 µM
CoPP, prior to apoptotic stimulation with TNF-α (1 ng/ml) and CHX (1 µg/ml) for 18 h. Following culture with porphyrins for 24
h [CoPP (gray columns) or CoMP (black columns)], NPICC were stimulated with TNF-α (25 ng/ml) and CHX (25 µg/ml) for 18
h. Caspase-3,-7 activation (E) and subdiploid DNA content (F) were evaluated in dispersed islets. Controls included untreated
NPICC (open columns) and NPICC treated with TNF-α/CHX only (hatched columns). Results are the mean of two independent
experiments.

ated in the PI assay, demonstrating increased subdiploid concentrations to a plateau at around 25 µM, suggesting
a possible combinatorial effect.DNA content in TNF-α/CHX-stimulated islets at all

porphyrin concentrations assessed (Fig. 3F). Therefore, The inability of porphyrin treatment to reduce levels
of apoptosis in treated NPICC was also confirmed mor-while porphyrins on their own (200 µM) do not alter

baseline levels of NPICC apoptosis, treatment with por- phologically. Following stimulation with TNF-α alone,
either at 50 or 100 ng/ml, minor morphological changesphyrins is not able to prevent the apoptotic process in-

duced by TNF-α/CHX stimulation. Indeed, levels of were evident. Increases in the number of single cells in
the culture were evident surrounding the islets (at eitherDNA degradation observed in the PI assay and caspase

activity tended to increase with increasing porphyrin concentration). The islets darkened slightly, and cells
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detaching from the islets could be observed at the islet pendent of caspase inhibition following CoPP treatment.
In order to explore this hypothesis, the specific caspase-perimeter, obscuring the inclusion membrane, suggest-

ing loss of cluster aggregation (data not shown). These 3,-7 inhibitor Ac-DEVD-CHO was used to block cas-
pases following TNF-α stimulation.changes were equally apparent at either 50 or 100 ng/

ml. Treatment with the combination of TNF-α and CHX As expected, Ac-DEVD-CHO almost completely in-
hibited caspase-3,-7 enzyme activity in NPICC follow-resulted in more obvious morphological changes (Fig.

3C). All islets were clearly dark in appearance, shedding ing 48-h stimulation with TNF-α (Fig. 5A). Significant
reductions in caspase-3,-7 activity were observed fol-cells at the periphery. The number of single cells in the

culture had increased in comparison to control islets. In lowing the administration of both concentrations of the
inhibitor in comparison to control levels (p < 0.0005 forthe case of smaller islets, the inclusion membrane was

no longer present. The presence of CoPP in this culture both concentrations). Caspase enzyme activity observed
following culture in the presence of 200 µM CoPP waswas not able to inhibit the development of these features

of islet damage (Fig. 3D). similar to that observed in untreated control NPICC cul-
tures.

Following Mild Apoptosis Induction, CoPP Treatment While exposure to Ac-DEVD-CHO in the absence of
Increases HO-1 Expression and Reduces Caspase-3,-7 apoptotic stimulation did not result in significant alter-
Enzyme Activation, But Does Not Inhibit Cell Death ations in the level of DNA degradation in comparison to

control islets (data not shown), treatment with the cas-Considering the high levels of apoptosis obtained fol-
lowing exposure to the combination of TNF-α and pase inhibitor was not able to reduce levels of DNA

degradation (i.e., cell death) in NPICC treated withCHX, and the capacity of TNF-α alone to result in con-
siderable caspase activation (Fig. 1), the subsequent ex- TNF-α (72 h) (Fig. 5B). In fact, islets treated with the

inhibitor demonstrated higher levels of cell death in con-periments were undertaken using TNF-α alone to stimu-
late apoptosis. TNF-α alone at either 50 or 100 ng/ml trast to TNF-α alone. In confirmation of our previous

observations, pretreatment of NPICC with CoPP re-required 48–72 h to result in peak levels of caspase ac-
tivity and DNA fragmentation, with both concentrations sulted in responses resembling those following specific

caspase-3,-7 inhibition. Such results suggest that CoPPshowing similar levels of induction, although generally
more consistent at a concentration of 100 ng/ml (data in this model inhibits caspase-3,-7 enzyme activation,

which is, however, either unrelated to, or insufficient tonot shown). The effects of CoPP treatment were there-
fore assessed following this stimulation regimen, with inhibit, NPICC death.
subsequent investigations utilizing TNF-α at 100 ng/ml.

Lack of PARP-1 Cleavage Following ApoptoticLevels of apoptosis in NPICC cultured in the presence
Stimulation in the Presence of CoPP Demonstratesor absence of 200 µM CoPP were assessed following
Loss of the Apoptotic Phenotypestimulation with 100 ng/ml TNF-α, with caspase-3,-7

enzyme activity assessed at 48 h following TNF-α stim- Assessment of PARP-1 cleavage patterns was per-
formed in order to assess apoptosis in the NPICC cul-ulation and subdiploid DNA content at 72 h.

The results of the caspase assay on the dispersed islet tures. In apoptotic conditions, the full-length (116 kDa)
active protein is cleaved, primarily by caspase-3, tocell fraction are presented in Figure 4A. No significant

difference in caspase-3,-7 activation was observed be- yield an 89-kDa fragment, inactivating the enzyme and
inhibiting DNA repair. Failure to cleave the activatedtween untreated control islets and islets cultured in the

presence of CoPP. In contrast, a clear and significant enzyme results in sustained enzymatic activity, and the
depletion of cellular energy pools, ultimately resultingreduction in caspase-3,-7 activation was observed in

CoPP-treated islets following 48-h exposure to 100 ng/ml in necrosis (37).
The cleavage patterns of PARP-1 following apoptosisTNF-α when compared to controls (p = 0.0036) (Fig. 4A).

Contrary to the results of the caspase assay, no reduc- induction by TNF-α in NPICC cultured for up to 96 h
in the absence of CoPP showed the presence of the 89-tions in the level of DNA degradation were demon-

strated by the PI assay (Fig. 4B). Assessment of DNA kDa fragment, indicating the activation of caspase-medi-
ated apoptosis (Fig. 6). Culture in the presence of CoPPdegradation present in cultures at 72 h post-TNF-α treat-

ment indicated that, notwithstanding the inhibition of alone did not activate PARP-1 cleavage. Furthermore,
while at 48 h post-TNF-α treatment the 89-kDa frag-caspase enzymes in these cultures, apoptotic/necrotic

processes were ongoing. Indeed, some experiments indi- ment was present in cultures containing TNF-α and
CoPP, at 72 and 96 h the 89-kDa fragment was nocated that cell death may have been augmented by the

presence of CoPP (data not shown). longer clearly visible. This result suggests a kinetic
switch in the mechanism of islet death, with loss of theThe results of these experiments suggested that

NPICC death following TNF-α stimulation was inde- classic apoptotic phenotype occurring between 48 and
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Figure 4. The effect of CoPP treatment on caspase-3,-7 activity and DNA fragmentation in NPICC treated with TNF-α only.
NPICC were cultured for 24 h in the presence (gray columns) or absence (open columns) of 200 µM CoPP prior to stimulation
with TNF-α alone at 100 ng/ml. (A) Caspase-3,-7 activity (48 h post-TNF-α exposure), and (B) subdiploid DNA content (72 h
post-TNF-α exposure) were evaluated in dispersed NPICC cells. All samples were assessed in duplicate (**p < 0.01).

72 h post-TNF-α exposure. Necrotic NPICC (treated complex, initiated by a number of different stimuli such
as stress, DNA damage, or cytokines, and can be exe-with 3 mM H2O2) did not demonstrate PARP-1 cleavage.
cuted by several different pathways (1,28).

DISCUSSION Islets isolated from different species demonstrate dif-
ferent robustness to isolation, in vitro culture, and apo-Apoptosis is a major cause of islet loss following iso-

lation and transplantation, and strategies designed to re- ptotic stimulation (19). In addition, islets from immature
(neonatal) animals vary greatly to those from the adultduce the process are necessary if long-term islet survival

is to be achieved (20,44). The process of apoptosis is (3,33). Indeed, adult porcine islets are difficult and

Figure 5. The effect of Ac-DEVD-CHO treatment on caspase-3,-7 enzyme activity (A) and subdiploid DNA content (B) following
stimulation with TNF-α. After 48-h stimulation with 100 ng/ml TNF-α, caspase-3,-7 activity was assessed via fluorimetry in
control and treated NPICC. Cell number was standardized using the Cell-titre blue assay (Promega). Samples were assessed in
duplicate. At 72 h after TNF-α addition (100 ng/ml), NPICC were dispersed into single cell suspensions for the assessment of
subdiploid DNA content in duplicate samples by flow cytometry. Examples are representative of two independent experiments.
*p < 0.0005 in comparison to control.
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Figure 6. PARP-1 cleavage in NPICC following exposure to TNF-α in the presence or absence of CoPP. Following pretreatment
for 24 h with CoPP (200 µM), NPICC were exposed to TNF-α for up to 96 h. At 24-h intervals, NPICC were collected and
proteins extracted via sonication in PARP-1 lysis buffer. Following electrophoresis of protein lysates by SDS-PAGE (8% gel) and
transfer to PVDF membranes, the membranes were probed with anti-PARP-1 (C2-10) and anti-actin antibodies. Signals were
detected by chemiluminesence. NPICC treated with 3 mM H2O2 for 17 h were utilized as a control for necrosis.

costly to isolate, and are reknown for being particularly in our laboratory (unpublished observations). Treatment
with 200 µM CoPP, which induced high levels of HO-difficult to maintain in standard culture for extended pe-

riods (12,50), while neonatal porcine islets require a 1 protein expression, did not result in NPICC toxicity in
terms of viability, morphology, and analyses of apo-much simpler isolation methodology and can be main-

tained for at least several weeks in culture (30,34). For ptosis.
Seemingly beneficial effects were noted followingthese reasons, NPICC were selected as the most suitable

islets for these studies. The aim of this study was to CoPP treatment of TNF-α-stimulated islets (i.e., the re-
duction in caspase-3,-7 enzyme activity). However, thisassess the ability of CoPP to protect NPICC from death

following stimulation with proapoptotic agents. was not associated with reduced levels of cell death in
NPICC cultures. Similar observations following caspaseSeveral important observations were noted when

standard apoptosis-inducing regimens were applied to inhibition have been reported in other studies (6,10). In-
deed, in some cases the level of cell death subsequentthese NPICC cultures. Firstly, in this study, a 10-fold

increase in the levels of apoptosis was induced in to exposure to TNF-α/CHX seemed to be increased fol-
lowing the addition of CoPP. Treatment of NPICC withNPICC following exposure to 25 ng/ml TNF-α and 25

µg/ml CHX. These concentrations were lower than Ac-DEVD-CHO was also insufficient to inhibit DNA
fragmentation, confirming that the inhibition of cas-those that induced only low levels (5–10%) of apoptosis

in murine islets (TNF-α 5000 U/ml, CHX 50 µg/ml) pases-3,-7 is unable to alter the commitment to death
following stimulation with TNF-α. The similarity of the(46). Secondly, even at concentrations of TNF-α/CHX

that do not lead to the induction of apoptosis in murine response to CoPP with that observed following treat-
ment with the caspase-3,-7-specific inhibitor Ac-DEVD-islets (8,14), treatment of NPICC resulted in the induc-

tion of considerable levels of apoptosis. Assessment of CHO suggests that the effect of CoPP in this instance
could be a direct inhibitory effect on caspase enzymes.caspase enzyme activation indicated that the low-dose

combinations of TNF-α/CHX were also able to result in Indeed, inhibition of caspase activity has recently been
described as a direct property of metal porphyrins, unre-increases in caspase-3,-7 enzyme activity. Such observa-

tions underline the innate sensitivity of neonatal porcine lated to HO-1 induction or activity (5). The results of
this study therefore appear to be more related to the di-islets to apoptosis, in contrast to rodent or human islets,

which generally require exposure to multiple proapopto- rect effect of CoPP on caspase activity than its HO-1-
inducing effect.tic agents in order to activate the apoptotic process (11,

18,52). At least two possibilities may explain the observation
of ongoing cell death despite the inhibition of caspaseTreatment of NPICC with either CoPP or CoMP, in

the presence or absence of apoptotic stimulation, re- activity. The first is that TNF-α can cause islet apoptosis
via the activation of a caspase-independent pathway, orsulted in a dose-dependent upregulation of HO-1 protein

as demonstrated by Western blot. CoPP appeared to in- secondly, that by inhibiting TNF-α-mediated caspase ac-
tivation, an alternative cell death mechanism (possiblyduce a slightly higher level of HO-1 expression than

CoMP, a result that has also been observed following necrosis) is activated. Evidence from this study and from
others (2) suggest that the second scenario is the mostporphyrin treatment of porcine aortic endothelial cells
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likely in this model. Therefore, the failure of caspase most efficacious metalloporphyrin inducer of HO-1, an
important antiapoptotic and cytoprotective protein (53).inhibition to protect cells from death may be related to

the induction of a switch in death programming towards Furthermore, rodent islets are more robust and resilient
to damage than the porcine islets used in this study. In-necrosis (35,37).

The processes of apoptosis and necrosis are interre- deed, the same apoptotic stimulus applied in the Pileggi
et al. study (TNF-α/CHX) (46) resulted in levels of apo-lated and most likely represent two extreme ends of a

complex spectrum of death mechanisms (13,40). The re- ptosis greater than 40% in this model, while levels of
less than 10% were reported in the murine study. In ad-ported switch from apoptosis to necrosis following cas-

pase inhibition is believed to be due in large part to the dition, it is possible that the beneficial effects of CoPP
observed on transplanted murine islets in the in vivo sit-regulation of the DNA repair enzyme PARP-1. Indeed,

following DNA damage, PARP-1 is activated to take uation are mostly due to alterations of the recipient
microenvironment. In such a situation, in vivo adminis-part in the DNA repair mechanism. The activated enzyme

caspase-3 cleaves PARP-1 to inactivate it, inhibiting the tration of CoPP, resulting in upregulation of HO-1 ex-
pression and immunosuppressive effects, may thereforeDNA repair process. In the absence of caspase-3 activ-

ity, PARP-1 remains functional, and in the continued create an anti-inflammatory environment into which
transplanted islets would be subject to a greatly reducedpresence of a damaging stimulus, results in the depletion

of cellular energy pools, and the induction of cellular posttransplant burden. In this context, in the presence of
reduced (or absent) apoptotic stimulation, the actions ofnecrosis (26).

In this study, incomplete PARP-1 cleavage to the 89- CoPP could be expected to enhance islet engraftment.
In summary, NPICC are intrinsically sensitive to cy-kDa fragment was observed following stimulation with

TNF-α, indicating activation of the caspase-mediated tokine (TNF-α)-mediated death in vitro. Exposure of
NPICC to the cytoprotective agent CoPP is nontoxic andapoptotic pathway. In the presence of CoPP, the cleav-

age fragment is present at the 48-h time point. However, elicits strong induction of the antiapoptotic protein HO-
1 in vitro. However, the use of CoPP appears unable toat 72 and 96 h post-TNF-α exposure, cleavage was no

longer observed, notwithstanding high levels of DNA prevent cell death following apoptotic stimulation in
vitro. Indeed, caspase-3,-7 inhibition by the compoundfragmentation at these time points. This suggests loss of

the classic apoptotic phenotype and a possible switch results in an alteration of the death phenotype. Together,
these data suggest that as far as NPICC are concerned,towards necrosis. Indeed, NPICC induced to undergo

necrosis by exposure to H2O2 also lacked expression of CoPP should not be viewed as an NPICC protective
agent in vitro, although its strong HO-1-inducing capac-the 89-kDa fragment.

Alternatively, PARP-1 hyperactivity can also result ity may still benefit NPICC survival in vivo.
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